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Abstract 

Several studies in human and animal models have shown that consumption of fructose facilitates oxidative 
damage but the mechanisms involved are unclear. In this study, the effects of two weeks of high sucrose on both 
oxidative stress parameters and stress-related gene expression, using a cDNA array, were investigated in rat heart. 
Both increased TBARS and lower Cu-Zrt-SOD activity were found in heart from high sucrose fed rats compared to 
rats on a starch diet. Higher plasma NO level was also found in the high sucrose group, corroborating the pro¬ 
oxidant effect of fructose. The Cu-Zn-SOD inRNA level was also greater in the high sucrose group; the Mn-SOD, 
GPX and catalase were not different between the two groups. Increased IISP70 and decreased COMT genes 
expression were observed, underlying the hypertensive effect of dietary fructose. These findings confirm the pro- 
oxidant effect of high sucrose feeding to rats and highlight the NO/Oj 0- balance importance in oxidative 
homeostasis. © 2002 Elsevier Science Inc. All rights reserved. 
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Introduction 

High sucrose and high fructose diets have been used in animal models to induce the metabolic 
changes observed in syndrome X, a disorder in which insulin resistance, hypertension, dyslipidemia 
and a high incidence of cardiovascular diseases are described [1]. The underlying mechanisms for the 
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detrimental consequences of a high fructose diet in animal models are not clear. However, tire 
possibility exists that fructose feeding facilitates oxidative damage [2], This hypothesis is supported by 
other studies showing that fructose has a deleterious effect both when antioxidant defenses are 
decreased [3] or when free radical production is increased [4], Oxidative stress has been suggested as 
one mechanism for the detrimental effects of fructose [2], and this hypothesis was supported by 
measures of lipid peroxidation obtained in our laboratory [5]. The findings of all of these studies 
suggest that a high fructose diet has a pro-oxidant effect in rats and that the detrimental effect of a high 
sucrose diet may be attributed to its fructose content. There are several pathways by which a diet rich in 
sucrose could alter cellular metabolism which in turn accelerates oxidative stress. Increased oxidative 
stress, leading to damage such as lipid peroxidation, could be due to oxygen free radical production 
and/or decreased protection by non-enzymatic or enzymatic antioxidants [6]. In particular, Cu-Zn- 
superoxide dismutase (Cu-Zn-SOD), Mn-superoxide dismutase (Mn-SOD), glutathione peroxidase 
(GPX) and catalase activities are important in the production of primary free radical species (0 2 0_ 
and H 2 0 2 ) in tissues. Evaluation at the molecular level of changes resulting from high fructose 
consumption might provide a better understanding of the causes and the mechanisms involved in its 
deleterious effect. The development of cDNA microarray technology to quantitatively monitor the 
expression of hundreds or thousands of genes in parallel allows the detection of changes in the 
physiological status of tissue to changes in the molecular phenotype. In the present study, differential 
gene expression in cardiac tissue of rats fed sucrose rich diet for two weeks was compared to those fed 
a starch diet using an array devoted to analyze 207 transcripts of genes involved in cell stress. The 
results confirm the involvement of oxidative stress in this model and corroborate with the hypertensive 
signs observed after only two weeks. 


Methods 

Experimental design 

Weaning male Wistar rats (IFFA-CREDO; L’Arbresle, France), 3 weeks old, weighing 61 ± 2 g 
(mean ± SEM) were randomly divided into starch or sucrose groups (8 per group). The institution’s 
guidelines for the care and use of laboratory animals were followed. Rats were housed in wire mesh- 
bottomed cages in a temperature-controlled room (22 °C) with a 12 h light: 12 h dark cycle. The rats were 
fed the experimental or control diet for 2 weeks. Food and distilled water were provided ad libitum, 
dietary intake and body weight were measured twice a week. The synthetic diets contained (in g/kg): 200 
casein, 650 starch or sucrose, 50 com oil, 50 alphacel, 3 DL-methionine, 2 choline bitarfrate, 35 AIN-76 
mineral mix, 10 AIN-76 A vitamin mix (ICN Biomedicals, Orsay, France). 

Sample collections 

Non-fasted rats were weighed, anaesthetized with sodium pentobarbital (40 mg/kg body weight, 
intraperitoneally) and killed. Blood was collected from the abdominal aorta into heparinized tubes. 
Plasma, obtained after low speed centrifugation (2000 x g, 15 min), was stored at — 80°C for 
biochemical analysis. The heart was removed, washed in ice cold saline solution (9 g NaCl/L), placed 
in liquid N 2 and stored at -80°C until required. 
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Tissue susceptibility to peroxidation 

The susceptibility of the heart to peroxidation was determined in tissue homogenates after lipid 
peroxidation induced with FeS04 (2 pM) and ascorbate (50 juM) for 30 min in a water bath at 37°C, 
using a standard of 1,1,3,3-tetrahethoxypropane, as has been previously described [3]. 

Heart superoxide dismutase glutathione peroxidase and catalase activities, and heart minerals levels 

Heart homogenates were used to determine superoxide dismutase (SOD) and glutathione peroxidase 
(GPX) activities. Tissue SOD activity was determined using a Ransod kit from Randox (Randox 
Laboratories, Crumlin, UK). Heart homogenate dilutions were made either with phosphate buffer (10 
mM) or with KCN (1 mM) for determination of total SOD and Mn-SOD activities, respectively. 
Determination of Cu-Zn-SOD was calculated by subtraction of Mn-SOD from total SOD activity. 
Tissue GPX activity was determined by the modified method of Paglia and Valentine using ter-butyl 
hydroperoxide as a substrate [7], Catalase activity was determined by the method of Aebi [8], The 
results were expressed as units per gram of protein for all of these activities. Protein content was 
determined using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL) and using 
bovine serum albumin as the standard. Metals in heart tissue were determined by flame atomic 
absorption spectrometry (Perkin-Elmer series 800, Norwalk, CT). Heart tissues were dry-ashed at 
450°C for 12 h, and the ash was dissolved in hydrochloric acid before analysis of copper and zinc 
contents. 

Determination of nitrite and nitrate level in plasma 

Nitrite and nitrate, degradation products of NO, were measured in deproteinized plasma of sucrose 
and starch fed rats. The Griess reaction procedure was used as has been previously described [9]. 
Briefly, after protein precipitation of the samples and reduction of nitrate to nitrite with nitrate reductase, 
nitrite was quantified colorimetrically at 450 run. Standards were made by serial dilutions of sodium 
nitrite. 

Preparation of total RNA 

Total RNA was prepared from isolated cells according to the method of Chomczynski and Sacchi [10] 
and resuspended in diethyl pyrocarbonate-treated water. Contaminating DNA was removed by 
incubation with 200 U of DNase I, RNase-free (Roche, Meylan, France). Quantification and purity of 
the RNA was assessed by A 2 6 c/A 2 so absorption, and RNA samples with ratios above 1.6 were stored 
at -70°C for further analysis. 

cDNA expression array 

To compare gene expression between hearts from starch and sucrose fed rats, cDNA expression arrays 
were used and consisted of 207 cDNAs of stress proteins spotted on positively charged nylon 
membranes (Atlas™ Rat Stress Array, Clontech). Side-by-side hybridizations of two identical membrane 
sets with cDNA probes prepared from two different RNA populations (starch and sucrose group) allow 
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the simultaneous comparison of the expression levels of all the cDNAs on the array. Briefly, to generate 
radio-labeled cDNA probes, pooled 5 pg total RNA for each group (6 per group) was synthesized with 
Moloney-murine-Ieukaemia virus reverse transcriptase and 2 pi CDS Primer Mix (Clontech, Palo Alto, 
CA, USA). Each cDNA reaction was conducted in a total of 22 pi containing 70 pCi[ce- 32 P]dATP. The 
radio-labeled cDNA probes were purified from unincorporated nucleotides by gel filtration using 
Chroma-Spin-200 columns (Clontech) and hybridized overnight at 68° C to a rat cDNA expression array 
membrane, as described by the manufacturer. The hybridization signals were recorded with a Molecular 
Dynamics PhosphoImager™ (Molecular Dynamics, Sunnyvale, CA, USA) and analyzed as specified by 
the array manufacturer. Two independent analyses were performed on pooled RNA samples for each 
group. 

A complete list of genes on the array can be found at the web site www.clontech.com/atlas/genelists/ 
7735-l_RaStress.txt The Atlaslmage 1.0 (Clontech) software was used to compare gene expression 
profiles between sucrose and starch heart RNA. Signal intensities between the compared arrays were 
normalized using the Global Mode (to develop a normalization coefficient), that uses an average value 
based on all the expressed genes. 

RT-PCR analysis 

To verify the microarray data real-time RT-PCR analysis of the selected gene mRNA was performed 
on the LightCycler using SYBR Green 1. Total RNA (3 pg) converted into first strand cDNA using 
Ready-To-Go You-Prime First-Strand Beads Kit (Amersham Pharmacia Biotech Inc, Piscataway, USA) 
and 1 pi (0.5 mg/ml) oligo (dT) Primer (Promega) were incubated at 37 °C for 60 min. PCR was 
performed in a fluorescence temperature cycler (LightCycler; Roche Diagnostics GmbH, Mannheim, 
Germany). Amplification was performed in a 20 pi final reaction volume containing LC-FastStart DNA 
Master SYBR Green I (FastStart Taq DNA, reaction buffer, dNTP mix with dUTP instead of dTTP, 
SYBR Green I dye; 2 pi), 3 mM MgCl 2 (1.6 pi), 0.4 pM of each specific primers (Isoprim, Toulouse, 
France; 2 pi), H 2 0 sterile PCR grade (Roche; 7.4 pi), and the cDNA template (1:100; 5 pi). For the 
PCR step, the following specific primers were used: rat MTHSP70 (GRP75): product size 200 bp, 
forward 5' GCA AGA GTG ACA TAG GAG AAG 3' and reverse 5' GGG AGT GAC ATC CAA 
GAG TAG 3'; rat Cu-Zn SOD1: product size 168 bp, forward 5' CCA TCA ATA TGG GGA CAA 
TAC AC 3' and reverse 5' ACA CGA TCT TCA ATG GAC AC 3'. For normalization a rat 
cytoplasmic beta-actin (ACTB): product size 157, forward 5' CCC CTT TTT TTT TGT CCC CCC 3' 
and reverse 5' GAA GCC ACA GAC CCA CAA AC 3' was used. The amplification program included 
the initial denaturation step at 95°C for 480 s and 45 cycles of denaturation at 95°C for 10 s, annealing 
at 60' J C for 10 s, and extension at 72°C for 10 s. The temperature transition rate was 20°C/s. 
Fluorescence was measured at the end of each step. After amplification, a melting curve was acquired 
by heating the product at 20°C/s to 95°C, cooling it at 20°C/.s to 72°C, holding it at 72°C for 30 s, 
and slowly heating it at 0.1°C/s to 95°. Melting curves were used to determine the specificity of the 
PCR [11], 

Statistical analysis 

Statistical analyses were performed using a “GraphPad” InStat (GraphPad Inc.) software package. 
Results of biochemical analysis were expressed as means ± SEM of 8 animals per group, whereas data 
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from cDNA expression array and RT-PCR analysis were obtained by pooling total RNA of 6 animals per 
group. The statistical significance of differences between means from the biochemical analysis was 
assessed by Student’s t-test. 


Results 

Sucrose did not affect either dietary intake or the growth of the rats. The mean body weights were 
respectively 156 ± 3 g for the starch group and 146 ± 4 g for the sucrose group. After exposure of tissue 
homogenates to iron-induced lipid peroxidation, TBARS were significantly higher in heart (P < 0.01) 
from sucrose group compared with starch group. No difference in the heart zinc content was observed, 
but a significantly lower heart copper level (P < 0.01) was found in the sucrose group compared to starch 
group. Plasma nitrite and nitrate levels were significantly higher in the sucrose group compared to the 
starch group (P < 0.001) (Table 1). 

Heart Cu-Zn-SOD activity was significantly lower (P < 0.05) in the sucrose group than the 
starch group. Heart Mn-SOD, GPX and catalase activities were not different between the groups 
(Fig- 1A). 

The array was divided into 7 different classes that encompassed the following biological groups: 
stress response regulators and effectors; DNA damage response, repair and recombination; base 
excision repair; nucleotide excision repair; homologous recombination; homologous end rejoining; 
dismatch repair; drug and xenobiotic metabolism. Detectable hybridization levels were identified in 57 
of the 207 represented genes on the array in which at least twice the back-ground value was scored as 
a genuine signal. A ratio of adjusted intensities was determined for all detected transcripts of which 
four showed a significant change (ratio greater than 1.9) in expression levels between the two groups. 
The up-regulated genes in sucrose fed rats included genes associated with the stress response 
regulation: sucrose/starch ratio being 2.2 for vimentin and 2.3 for MT-HSP70 (by quantitative RT- 
PCR analysis the ratio was 1.6). The down-regulated genes included a gene associated with drug and 
xenobiotic metabolism (sucrose/starch ratio of 0.5 for COMT), Among antioxidant enzyme genes, Cu- 
Zn-SOD was up-regulated (by quantitative RT-PCR analysis the ratio was 1.3). From the other 


Table 1 

Susceptibility of heart homogenate to peroxidation, heart minerals levels and plasma nitrite and nitrate level in rats consuming 
starch or sucrose diet 



Starch 

Sucrose 

Body weight (g) 

156 + 3. 

146 ± 4 

Heart TBARS (nmol/wet w g) 

94 ± 10 

152 ± 11** 

Nitrite + Nitrate level (pmol/L) 

10.3 ± 1.0 

15.7 ± 0.7*** 

Cu (mg/wet w g) 

4.3 ± 0.1 

3.4 ± 0.2** 

Zn (mg/wet w g) 

14.4 ± 0.1 

14.5 ± 0.3 


TBARS, thiobarbituric acid-reactive substances. 

Values are expressed as means ± SEM, n = 8. 

TBARS Were measured in tissue homogenates after lipid peroxidation induced with FeS04-ascorbate for 30 min at 37*C. 
**P<0.01. 

*** P< 0.001. 
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Fig. 1. Antioxidant enzyme activities and gene expression of heart homogenates from starch (open bar graph) and sucrose 
(closed bar graph) fed rats. (A) Activities of selected enzymes (Cu-Zn-SOD, Mn-SOD, GPX and catalase) in heart from rats fed 
starch or sucrose diet. Results represent the average ± one standard deviation of 8 animals per group. *P < 0.05. (B) The 
relative level of expression for Cu-Zn-SOD, Mn-SOD, GPX and catalase is shown as fold increase over starch group as 
determined by microarray analysis which was obtained by pooling total RNA of 6 animals per group. Two independent analyses 
were performed on pooled RNA samples for each group. 


antioxidant enzyme genes on the array, expression of Mn-SOD, GPX and catalase genes were not 
altered by a high sucrose diet (Fig. IB). 


Discussion 

Several studies, including the present study, have shown the aggravating effect on oxidative stress- 
linked damage of high fructose consumption in pro-oxidant conditions in rodents [3,4]. The hypothesis 
that fructose itself, even in case of sufficient dietary antioxidant supply, could be pro-oxidant has 
recently been suggested [5,12]. However, the exact mechanisms by which fructose is pro-oxidant are still 
unclear. Hence, the evaluation of gene expression modulation by dietary factors have been explored in 
this study. 

Oxidative stress is an imbalance between free radical production and the antioxidant defense system 
which could lead to lipid, protein and/or DNA alterations [13]. Lipid peroxidation has been evaluated in 
the present study using the TBARS test, showing a greater heart susceptibility to peroxidation in sucrose 
fed rats. Even if controversies still exist concerning the utilization of this test for measurement of lipid 
peroxidation, specific comparison studies have reported it as an adequate index of biomolecular oxidant 
damage [14]. As a contributing explanation of this higher susceptibility to peroxidation, depletion of Cu- 
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Zn-SOD might participate in cardiac vulnerability to oxidative stress because this antioxidant enzyme 
has a key role in the cell protection against the deleterious effects of the superoxide anion [6], The 
possibility exists that copper depletion results in reduced activity of the copper-containing enzyme 
superoxide dismutase in the present study. However, in previous experiments, Cu-Zn-SOD activity of 
red blood cells was also found lower in rats fed a high fructose diet, although the plasma copper level 
was not different than that observed in the starch group [12], At the molecular level, dietary copper 
deficiency results in different gene transcription adaptation [15], which was obtained in this study 
confirming another mechanism. The hypothesis that the protein could be damaged by oxidative stress 
and/or glycation reactions has already been proposed [12], especially in in vitro studies which have 
already shown the fructose capacity to glycate this enzyme [16]. Reducing sugars are known to produce 
ROS mainly through the glycation reaction [17], fructose having a stronger reducing capacity than 
glucose and the glycation reaction being easily induced by fructose [18], However, glycation reaction is 
usually a long lasting phenomenon and further investigation is needed to ensure the validity of such a 
side effect of fructose. 

Increased ROS production and changes in the activities of various antioxidant defenses are associated 
with alterations in gene expression in different tissues suggesting ROS as biological subcellular 
messengers in gene regulation and signal transduction pathways [19]. It has been shown that 
fructose-induced oxidative stress might modulate transcription factors that are sensitive to changes in 
the redox state of the cell [20]. Molecular evidence of the fructose-induced oxidative stress observed in 
this study suggests that changes in the ratio of NO to ROS resulting as a side-effect of the fructose diet 
are important. In particular, HSP70 and Cu-Zn-SOD expressions were increased in sucrose fed rats 
compared to starch fed rats. It has been shown that HSP70 enhances the resistance of the heart to 
oxidative stress-linked patophysiology [21]. Some studies have demonstrated that HSP70 protects 
against NO toxicity [22]. Other studies have demonstrated that adaptation of the organism to stress both 
activates HSP70 synthesis and potentiates NO generation in the same organs [23,24]. The involvement 
of NO in oxidative stress toxicity has been suggested to occur when it reacts with superoxide (0 2 °~) to 
form peroxynitrite (ONOO - ) [25]. Heart Cu-Zn-SOD was less in sucrose fed rats than starch fed rats, 
likely resulting in less dismutation of 0 2 °~. The higher O 2o_ concentration could result in an increased 
superoxide radical availability which could react with NO. However, NO has also been shown to be 
cytoprotective through its reaction with lipid radicals as well as with the transition metal iron [26], which 
could explain the lower heart copper level in the sucrose group. Enzyme nitric oxide synthase (NOS) 
creates NO during the conversion of L-arginine to L-citruIline [27]. Three main isoforms of NOS have 
been described, in particular endothelial NOS (eNOS) constitutively produces both NO and superoxide 
anion [28]. Increased production of reactive oxygen species has also been reported for arterial 
hypertension [29,30] and ROS-mediated NO inactivation has been suggested in several models of 
hypertension [31,32] including a model of rats fed a high fructose diet for 8 weeks [33]. Because nitrites 
and nitrates are degradation products of NO, it would be interesting to measure eNOS activity in the 
experimental conditions used here. Whether NO acts as a pro-oxidant or is increased in the sucrose 
group in response to oxidative stress needs further investigation. 

Expression of genes associated with the stress response regulation, MT-HSP70 and vimentin, was 
higher in sucrose fed rats compared to the starch group. Vimentin is a component of the cytoskeleton 
and therefore has a higher gene expression which could reflect myocyte structural modifications as has 
been shown in case of heart failure found in myocardial infarction and hypertension [34]. Further¬ 
more, vimentin gene expression has been shown to be modulated in myocardial infarction in the 
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wound healing phase [35]. It has also been shown that HSP70 ibRNA was induced in tissues after 
treatment with hypertensive agents and has been suggested as primary event in genetically hyper¬ 
tensive rats character [36], Finally, the decreased COMT gene expression found in the sucrose group 
corroborate molecular evidence of fructose-induced hypertension. It is interesting to note that 
inhibition of COMT gene expression and activity has been suggested to prolong half-life of 
catecholamines thereby causing hypertension [37]. These results suggest impairment in cardiovascular 
functions, that could lead to hypertension, as an early event in the development of syndrome X in this 
model. The use of cDNA arrays to monitor the expression profile of heart from high sucrose fed rats 
was demonstrated as a mean to unravelling the relationship between gene expression and cardiac 
function. The use of cDNA arrays to determine the time course of events occurring in this 
experimental model of syndrome X may thus be a tool of choice to understand the mechanisms 
involved in the side-effect of fructose. 


Conclusion 

In conclusion, using cDNA arrays dietary fructose-induced oxidative stress was confirmed emphasiz¬ 
ing its hypertensive effect in rats and suggesting a possible causal relation between these phenomena. In 
addition, expression analysis by microarrays can be expected to become an integral part of studying the 
response of tissues to environmental changes such has nutritionally-induced oxidative stress conditions. 
Finally, our data confinn NO involvement in the cluster of abnormalities associated with syndrome X, 
demonstrating a necessity for further research in this area, especially in relation to oxidative stress. 
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